Sputtered Ta films ͑60 nm͒ were deposited at room temperature onto selected substrates, including silicon, SiO 2 , porous methyl silsesquioxane ͑porous MSQ͒, parylene-N ͑Pa-N͒ caulked porous MSQ, benzocyclobutene ͑BCB͒, and SiLK layers. It was observed that the Ta structure after deposition mainly depends on the underlayer surface chemistry. ␤-Ta with a resistivity of ϳ130-160 ⍀ cm and an average grain size of ϳ20 nm was observed after sputter depositing 60-nm-thick Ta films onto the oxygen-rich materials of native oxide of Si, SiO 2 , and porous MSQ. ␣-Ta with a much lower resistivity ͑ϳ35 ⍀ cm͒ and an average grain size of ϳ16 nm was observed after sputter deposition of Ta onto a substrate with a 4-nm-thick hydrocarbon Pa-N film on porous MSQ. ␣-Ta was also formed when sputter depositing on the hydrocarbon BCB and SiLK low-dielectrics. The lattice constants of the ␣-Ta films were slightly larger ͑3.310-3.351 Å͒ than those of the bulk Ta ͑3.305 Å͒.
I. INTRODUCTION
Tantalum has been used in diffusion barrier stacks for Cu metallization in the fabrication of microelectronic devices because it is immiscible with Cu, 1 and tantalum-based thin films have good chemical and thermal stabilities. 2 Moreover, Ta barriers increase the fraction of deposited Cu that has ͑111͒ texture, and Ta adheres well to Cu films. 3, 4 Two phases of Ta are observed after sputter deposition: ␣-Ta, which is body-centered cubic, and ␤-Ta, which is tetragonal. These phases have very different properties. 5 The ␣-Ta has advantages over ␤-Ta for Cu metallization: lower resistivity ͑ = 15-30 ⍀ cm vs ϳ 150-200 ⍀ cm͒, higher temperature coefficient of resistivity ͑ϳ3800 ppm/°C vs ϳ 178 ppm/°C͒, and slightly higher density ͑16.6 g / cm 3 vs 16.3 g / cm 3 ͒. 6, 7 On the other hand, it is well known that ␤-Ta tends to form upon sputter deposition and therefore it is the purpose of the current investigation to explore how ␣-Ta can form.
Numerous papers have dealt with the formation of ␣-Ta. It has been reported that sputtered ␣-Ta films can be achieved by increasing the deposition temperatures, i.e., heating the substrates. Stavreva et al. showed that ␤-Ta, with a high resistivity ͑170 ⍀ cm͒, is deposited on Si at or near room temperature ͑only plasma-induced heating͒.
8 ␣-Ta, with a lower resistivity ͑15 ⍀ cm͒, is formed by increasing the substrate temperature during deposition to 450°C. It has also been reported that underlayers such as Nb ͑Refs. 8-10͒ and Ta 2 N ͑Ref. 8͒ promote the formation of ␣-Ta, possibly because they have the same structure as ␣-Ta and a lattice mismatch of Ͻ0.1% for Nb and 0.68% for ͑101͒ Ta 2 N. 9, 11 There are drawbacks to either approach in forming ␣-Ta: ͑a͒ high-temperature deposition is prohibitive because the thermal budget is shrinking and ͑b͒ as the target barrier thickness shrinks below 10 nm, the introduction of an underlayer such as Ta 2 N ͑in the case of Ta/ TaN x structure currently used 12 ͒ will become increasingly prohibitive due to cost and performance considerations.
In this article, we discuss some effects of the chemical nature of the surface of underlying substrate on the formation of either ␤-Ta or ␣-Ta deposited by dc magnetron sputtering. Several substrate surfaces were studied, including ͑1͒ porous methyl silsesquioxane ͑porous MSQ͒, ͑2͒ parylene-N ͑Pa-N͒ caulked porous MSQ, ͑3͒ benzocyclobutene ͑BCB͒, ͑4͒ SiLK, ͑5͒ thermally grown SiO 2 , and ͑6͒ p-type ͑100͒ Si. For Pa-N caulked porous-MSQ underlayer, ϳ4-nm-thick Pa-N film deposited by chemical-vapor deposition ͑CVD͒ was studied. Jezewski et al. 13 have recently reported that surface caulking of porous MSQ by Pa-N is a potential solution for pore sealing ultralow-dielectrics and showed that 3.5-mthick Pa-N films deposited on porous MSQ can effectively prevent copper precursor penetration during copper CVD and fracture toughen these porous dielectrics.
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II. EXPERIMENT
A. Dielectric and Ta film deposition
Porous MSQ
The deposition procedure of the porous MSQ and the film properties are described elsewhere. 15 The porous-MSQ film a͒ Electronic mail: jsenkevich@brewerscience.com was deposited by spin coating and went through a series of baking stations before the final cure in N 2 ambient at 420°C. The resulting films contained 50% porosity, and pore size ranged from 0.5-4 nm, with an average pore size of 1.5 nm. The pores were interconnected as verified by the observation of copper precursor penetration into the interface of MSQ and substrate during copper CVD. 
BCB
The BCB deposition procedure is described previously.
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BCB deposition was undertaken on a FlexiFab™ spin coater track. An adhesion promoter ͑Dow Chemical AP-3000͒ was applied via spin coating first, followed by the spin coating of the BCB resin ͑Dow Chemical Cyclotene 3022-35͒. The wafer was then placed on the hot plate for 2 min at 170°C to remove any volatile solvents of the adhesion promoter and polymer resin and cooled down for 5 min in a N 2 environment. After deposition and baking, BCB had a mean thickness of 1.3 m.
Parylene-N
Parylene-N ͑Pa-N͒ film deposition was carried out in a CVD system at room temperature onto a 550-nm-thick porous-MSQ film. Details of the deposition system and procedure are given in Ref. 16 . The deposition process involves first the sublimation of ͓2.2͔ paracyclophane at about 155°C. The precursor is then fed to the pyrolysis furnace where it is cracked, or cleaved, at 650°C to form reactive p-xylylene monomers. The monomers are fed into a room-temperature vacuum chamber that is maintained at 2 mTorr, where they physisorb and polymerize on the wafer surface. 
Sputtered Ta films
Ta film deposition was carried out in a CVC AST-601 dc magnetron sputter deposition system from a 99.95% pure Ta target ͑from Plasmaterials, Inc.͒. Deposition conditions are summarized in Table I . The 8 in. target with a 4.5 in. throw was water cooled, and the substrate holder was neither cooled nor heated. The system is equipped with a cryopump, and the base pressure before the deposition was typically Ͻ3 ϫ 10 −7 Torr. Samples ͑1 ϫ 1 cm 2 ͒ were placed facedown on the anode and were rotated with a constant speed of 18 rpm to achieve uniform deposition. To ensure a clean and oxide-free tantalum target surface, the target was covered by a shield and presputtered with the shield in place for 5 min. These sputtering conditions produced a deposition rate of ϳ0.32 nm/ s, as determined by Rutherford backscattering ͑RBS͒ measurements.
B. Analysis
Both resistivity and x-ray diffraction ͑XRD͒ were employed to differentiate between ␤-and ␣-Ta phases sputtered in these experiments with a Scintag diffractometer with a Cu K␣ radiation source ͑ = 1.540 56 Å͒ operated at 50 kV and 30 mA. The step size of the 2 scanning was set at 0.01°w ith a scan rate of 1.00°min, corresponding to a counting time of 0.600 s / step. The diffractometer was calibrated with respect to the peak positions of a Si calibration standard. A four-point probe from Veeco Instruments Inc. ͑Model FPP-100͒ was used to measure the sheet resistances of Ta films. Figure 1 shows the variation of resistivity for ϳ60-nm-thick sputtered Ta films deposited onto various surfaces, including silicon, SiO 2 , porous MSQ, 4.0-nm-thick Pa-N caulked porous MSQ, BCB, and SiLK layers. As shown in Fig. 1 , the resistivity of the sputtered Ta films depends on the initial surface, and it shows that the resistivity values can be divided into two groups: Ta films with low resistivities and with high resistivities. In the case of Ta films deposited onto Pa-N caulked porous MSQ, BCB, and SiLK layers, the resistivities are in the range of 35-50 ⍀ cm, whereas Ta films deposited onto the native oxide of Si, ascured porous MSQ, and SiO 2 layers have higher resistivities of 130-160 ⍀ cm. These results suggest that the surface chemistry plays an important role in forming a lowresistivity Ta film since the former group is hydrocarbon based and the latter are oxygen rich. The high resistivities of some of the Ta films ͑130-160 ⍀ cm͒ are in the range of reported resistivities of ␤-Ta. 18 The low resistivities of some of the Ta films ͑35-50 ⍀ cm͒ are in the range of reported resistivities of ␣-Ta. This suggests that Ta films deposited onto Pa-N caulked porous MSQ, BCB, and SiLK layers are ␣-Ta and that Ta films deposited onto native oxide of Si, as-cured porous MSQ, and SiO 2 layers are ␤-Ta. Figure 2 shows two typical XRD patterns of 60-nm-thick Ta films on ͑a͒ native oxide of silicon and ͑b͒ SiO 2 , scanned over a range of angles ͑31°-45°͒. The XRD diffraction patterns show a tetragonal ␤-Ta phase ͑2 = 33.7°͒ with a ͑200͒ orientation.
III. RESULTS AND DISCUSSION
A. Resistivity of Ta films
B. Ta phase
19 ␤-Ta formation with the preferred ͑200͒ orientation on the native oxide of Si and SiO 2 layers is in agreement with the studies by other authors. 20, 21 Figure 3 shows XRD patterns from Ta films on ͑a͒ porous-MSQ layers and ͑b͒ 4-nm-thick Pa-N caulked porous-MSQ layers. The textures of the Ta films deposited on these layers are different. On porous-MSQ surfaces, ͑200͒ ␤-Ta is dominant and minor peaks of ͑410͒ ␤-Ta and ͑110͒ ␣-Ta are observed. The peak intensity of the ͑200͒ plane is decreased compared to that of the SiO 2 case. In contrast, XRD results show that a 4-nm-thick Pa-N film deposited on porous MSQ causes a dramatic decrease in the amount of ␤-Ta and a large increase in the amount of ͑110͒ ␣-Ta.
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This result is in agreement with the resistivity of Ta films on the as-cured and Pa-N caulked porous-MSQ layers. The major difference of the as-cured porous MSQ and Pa-N caulked porous MSQ is the presence of oxygen at the surface of the MSQ. MSQ has a nominal stoichiometry of SiO 1.5 ͑CH 3 ͒ 0.5 at the surface, 23 whereas annealed Pa-N is free of oxygen at the surface and in the film. This implies that the phase of sputtered Ta depends strongly on the surface chemistry of the substrate. This is consistent with the hypothesis of Feinstein and Huttemann, who explained the stabilization and formation of ␤-Ta by the presence of oxygen or hydroxyls that are formed by the reaction of H 2 O with an oxide surface. 24 For completeness, XRD measurements were undertaken for the Ta films on BCB and SiLK layers ͑Fig. 4͒. They show a weak peak that fits ͑200͒ ␤-Ta and a strong peak that fits ␣-Ta, as observed in Pa-N caulked porous MSQ. One common characteristic of Pa-N, BCB, and SiLK layers that yield ␣-Ta is that they have high resistance to oxidation in air at room temperature, and they are hydrocarbon based. The measured de-ionized H 2 O contact angles revealed that the contact angles on these layers are all above 80°.
From the XRD measurements, it is also observed that the lattice constant of ␣-Ta varies with the surface that it is deposited upon. The lattice constants of ␣-Ta deposited onto the surfaces investigated in this study are summarized in Table II , along with the value for bulk Ta. It can be seen from the table that the lattice constant of the ␣-Ta films has larger values compared to that of the bulk Ta. 22 Lattice-constant expansion of sputtered metal films has been reported by other authors. 9, 25 This is much like what is found here for ␣-Ta films deposited on Pa-N caulked porous MSQ, BCB, and SiLK that all exhibit tensile stresses. It is common for sputtered metals to exhibit much stress due to atomic peening but this typically results in a compressive stress state of the film unlike what is observed here. 26 For example, Thornton and Hoffman report that Ta films that are sputter deposited at an Ar pressure lower than ϳ15 mTorr yield a compressive stress state. 27 It is beyond the scope of the current work to explain the mechanism as to why the films deposited here are in a tensile stress state.
C. Average grain size of Ta films
From the XRD patterns ͑Figs. 2-4͒, it is observed that the peaks of Ta films are relatively broad, implying that Ta grain sizes are small. The semiempirical Scherrer equation was used to quantify the average grain size from the XRD peaks: 28 The XRD patterns were fitted with a Lorentzian peak, where the peak position and full width at half maximum ͑FWHM͒ were optimized using a fitting function of MICROCAL ORIGIN® 6.1 software. From the XRD pattern of the silicon powder, the peak broadening by the instrument for ͑331͒ Si ͑peak centered at 2 = 33.95°͒ was estimated to have a FWHM of ϳ0.02°which is close to the scan step ͑0.01°͒ and small compared with the values for Ta films ͑Ͻ5%͒. Thus, this effect was not considered in the calculation of the grain size. The grain sizes obtained from the Scherrer analysis for ϳ60-nm-thick Ta films are summarized in Table III . The Scherrer analysis for these samples reveals an average grain size of ϳ20 nm for Ta films deposited onto MSQ, native oxide of Si, and SiO 2 , which are the ͑200͒ ␤-Ta films. The ͑110͒ ␣-Ta films found on Pa-N, BCB, and SiLK surfaces have a smaller grain size of ϳ16 nm. It also shows that the grain size of each phase does not depend noticeably with the surface on which they are formed. This average grain size of ␣-Ta is close to the result of Face and Prober, who deposited 30-nm-thick ion-beam-sputtered Ta on a Nb surface and observed ␣-Ta with an average grain size of ϳ15 nm. Figure 5 shows the resistivities of sputtered Ta films on porous MSQ and 4.0-nm-thick Pa-N caulked porous-MSQ surfaces as a function of Ta film thicknesses ͑5-60 nm͒. The resistivity of the Ta films increases as the film thickness decreases much like other metallic systems such as Cu. 29 This increase in resistivity with decreasing Ta thickness can be attributed to a thin-film effect, i.e., surface scattering. In addition, Ta readily oxidizes to Ta 2 O 5 and when the film thickness decreases the percentage of oxide to total film increases and hence a more resistive thin film. The resistivity of the Ta film on porous MSQ increases to ϳ250 ⍀ cm when the Ta thickness decreases to 5 nm. The resistivity of the ␣-Ta films on Pa-N surfaces also increases as the thickness decreases; however, the resistivity value of the 5-nm-thick ␣-Ta is ϳ100 ⍀ cm, which is still lower than that of bulk ␤-Ta. 
D. Resistivity variation with Ta thickness
IV. CONCLUSIONS
Ta films were deposited onto selected dielectric surfaces by dc magnetron sputtering. The crystal structure of Ta films depends on the chemical structure of the dielectric surface. Ta films deposited on porous-MSQ and SiO 2 underlayers grow the tetragonal ͑␤-Ta͒ crystal structure with high film resistivities. Depositing a 4-nm-thick parylene-N layer on the porous-MSQ surface, however, produces a large increase in the percentage of ͑110͒ bcc ␣-Ta with low resistivities of 35-50 ⍀ cm for Ta films of ϳ60 nm thickness. The resistivity of 5-nm-thick Ta on Pa-N/MSQ increases to ϳ100 ⍀ cm, which is significantly lower than that of the bulk ␤-Ta. In summary, we found that the Ta film structure deposited by sputtering depends on the chemical structure of the dielectric surface, and the ultrathin Pa-N caulked surface is a simple method to produce an ␣-Ta film with low resistivity without heating the substrate.
